. MPP also prefers polar residues such as histidine, Results serine, and threonine at positions P 2 Ј and P 3 Ј [24, 25] .
MPP and Cytochrome bc 1 Complex Core Proteins NMR and circular dichroism studies indicate an am-
The three-dimensional structure of recombinant yeast phiphilic ␣-helical structure for presequences of pro-MPP was determined using X-ray crystallographic techteins targeted to the mitochondria [26] [27] [28] [29] [30] . Furthermore, niques. The yeast MPP ␣ and ␤ subunits have 34% the NMR structure of a complex of a synthetic preoverall sequence identity to the core II and core I subsequence peptide with the cytosolic domain of Tom20, a units of bovine BC1, respectively. However, the phase component of the mitochondrial outer membrane transproblem could not be solved with the molecular replacelocase complex, shows that the peptide forms an amphiment method using the core proteins as a search model. philic ␣ helix when bound to a hydrophobic patch in a Phases were obtained using multiwavelength anomagroove of Tom20 [30] . While an ␣-helical conformation lous diffraction (MAD) data [32] collected from a selenoof a presequence may be important for interaction with methionine variant of MPP. Data collection and refinemitochondrial import components, the conformation of ment statistics are summarized in Tables 1 and 2 , rethe presequence is different during interaction with spectively. The four molecules in the asymmetric unit MPP. Experiments using fluorescence resonance enshow distinct differences in crystalline order. Here, we ergy transfer (FRET) measurements of substrate pepdiscuss the structure of the best-ordered molecule. tides bound to a cleavage-deficient mutant MPP sugThe MPP fold is similar to the fold described for the gest that a helical structure in the peptide is unlikely in core proteins of bovine BC1 [12, 14]. Each MPP subunit this context; rather, a flexible structure of the precontains two domains of ‫012ف‬ residues with nearly idensequence is expected to bind MPP [31] . tical folding topology, related by an approximate twoIn order to compare the fold of MPP to that of BC1 fold rotation. The individual domains contain three ␣ and to elucidate the substrate binding characteristics helices packed against one face of a six-stranded ␤ of MPP, we determined four crystal structures which sheet with five other ␣ helices situated at one end of include recombinant yeast MPP, the mutant ␣/␤E73Q the sheet. One of the set of five ␣ helices packs against MPP (MPP composed of a wild-type ␣ subunit and an the ␤ sheet of the neighboring domain. The domains are E73Q mutant ␤ subunit), ␣/␤E73Q MPP complexed with connected by a linker of 16 residues in the ␣ subunit synthetic yeast malate dehydrogenase (MDH, residues and 22 residues in the ␤ subunit. The subunits are related 2-17), and ␣/␤E73Q MPP complexed with synthetic to each other by an approximate two-fold rotation (Figyeast cytochrome c oxidase subunit IV (COX IV, residues ures 1a and 1b). The crystal structure of yeast BC1 2-25). Our findings indicate that mitochondrial import revealed that the yeast core proteins have generally presequences bind in a large polar cavity of MPP in similar folds to the bovine core proteins, but significant an extended conformation. The presequence structures differences are evident in the yeast core II protein, inbound to MPP differ from the amphiphilic ␣-helical struccluding the absence of an ␣ helix of the C-terminal doture observed for the synthetic precursor peptide bound main that packs against the ␤ sheet of the N-terminal to the Tom20 import component, which suggests that domain [15] . Accordingly, yeast MPP is more structurally presequences adopt different conformations during misimilar to the bovine core proteins than to those in yeast. The primary structure of yeast MPP is also more similar tochondrial import and processing. forms a short ␤ strand from its residues 16-18 that hyformed a product complex in the crystal structure instead of forming the anticipated substrate complex. Redrogen bonds with a ␤ strand of MPP (residues ␤98-␤103) in an antiparallel fashion. Described in a C-tersidual activity of the mutant MPP, acting over the long time period before the harvesting of the crystals, could minal to N-terminal direction, the peptide then passes between two ␣ helices and associates loosely with anaccount for the observed proteolysis. To test the activity of ␣/␤E73Q MPP under conditions similar to crystallizaother ␤ strand (residues ␤322-␤329) in the same subunit; beyond this point, the structure of the N terminus of the tion, including overnight incubation, the mutant enzyme was incubated with COX IV and MDH peptides following substrate is disordered. The peptide bond would be cleaved by wild-type MPP between residues 17 and 18; the previously established procedure [20] . The MDH peptide was 1.5% cleaved by ␣/␤E73Q MPP and cleavthus, residues on both sides of the uncleaved peptide bond are observed in the crystal structure. NMR has age was not detected for the COX IV peptide. Residues 7-8 of the product form main chain hydrogen bonds with shown that the COX IV signal sequence region has an ␣-helical structure at the N-terminal portion of the pepa ␤ strand of MPP (residues ␤98-␤103) in an antiparallel fashion. Additionally, the P 2 arginine is found in the negatide (residues 4-11), while the C-terminal region does not form a regular secondary structure in a micellar tively charged S 2 site formed from the ␤ subunit residues ␤Glu-160 and ␤Asp-164. As observed with the COX IV environment [37] . It should be noted that the crystallization conditions for MPP and the peptide complexes inpeptide, the P 2 arginine of MDH forms a salt bridge with ␤Glu-160. The structure at 3.0 Å resolution reveals that clude 0.2 mM n-dodecylmaltoside, which provides a micellar environment. Nevertheless, COX IV is observed one of the C-terminal oxygens of the cleaved MDH peptide acts as a ligand to the Zn 2ϩ ion, occupying the bound to ␣/␤E73Q MPP in an extended conformation in the crystal structure (Figure 4a) . The carbonyl oxygen position of the initial water ligand (Figure 4b ). This observation is consistent with the final step proposed for of the scissile peptide bond points toward the active-site Zn 2ϩ ion. The arginine at position P 2 is highly conserved thermolysin-catalyzed proteolysis, in which the product is coordinated to the Zn 2ϩ ion at the position previously among mitochondrial import sequences. The side chain of this amino acid occupies a negatively charged S 2 site occupied by a water molecule [36] . The mutation of the catalytic ␤Glu-73 to glutamine provides a hydrogen containing ␤Glu-160 and ␤Asp-164 and forms a salt bridge with ␤Glu-160. These acidic residues are highly bond from the amide group of the side chain to the free carboxylate oxygen of the product, which may stabilize conserved among ␤-MPPs. The S 1 Ј site appears to accommodate the bulky hydrophobic (often aromatic) resithe product bound at the active site. The coordination pattern of ␤Glu-150 on the Zn 2ϩ ion in both the COX IV dues of substrates at position P 1 Ј. In the case of COX IV, the leucine at position P 1 Ј is located near ␤Phe-77
and MDH complexes was assigned as bidentate based on the electron-density maps. However, these strucin the S 1 Ј site. ␤Phe-77 is also highly conserved among ␤-MPPs.
tures were determined at medium to low resolution, which leaves open the possibility that ␤Glu-150 is actuThe signal peptide MDH 2-17 (LSRVAKRA-FSSTVANP, cleavage site between alanine and phenylally involved in monodentate coordination of the Zn 2ϩ ion. Since an NMR structure is not available for MDH alanine) was cocrystallized with ␣/␤E73Q MPP and, unlike the ␣/␤E73Q MPP/COX IV complex structure, residues 2-17, the amino acid sequence was submitted Figure 5a ). ␤Glu-160 and ␤Asp-164 form from the side chain of Asn-112 at the S 1 Ј site provide a negatively charged S 2 site near the zinc binding site, hydrogen bond acceptors to stabilize the amide group which accommodates the P 2 arginine commonly found at position P 1 Ј. MPP has analogous hydrogen bond acin substrates. MPP has a preference for arginine at the ceptors at the S 1 Ј site in the carbonyl oxygen between P 2 position of substrates, followed by lysine and to a ␤101 and ␤102 as well as in the carbonyl oxygen from lesser extent, alanine [20, 23] . Although a P 2 arginine is the side chain of ␤Asn-100. Overall, we conclude from a strong signal for recognition as a substrate, it is not these comparisons that the model of catalysis in therdecisive for determining cleavage (e.g., bovine cytomolysin can be applied to MPP. The active site of MPP chrome P-450[SCC] has a cleavable signal sequence differs from that of thermolysin in the absence of analothat contains a P 2 alanine). We observe that the P 2 gous residues to Tyr-157 and His-231, which are proarginines of both MDH and COX IV form salt bridges posed to stabilize the oxyanion of a tetrahedral intermewith ␤Glu-160. Recent biochemical studies show that diate. It is conceivable that solvent molecules could ␣/␤E160A, ␣/␤D164A, and ␣/␤E160A, D164A mutant donate hydrogen bonds to fulfill this role in MPP.
MPPs, have reduced activity toward substrates with a
The mechanism of substrate entry into the large cavity P 2 arginine but show no loss of activity toward subof MPP containing the active site is unknown but the strates with a P 2 alanine (S.K. and A.I., unpublished data). crystal structure of MPP does offer clues. A highly conAccordingly, P 2 arginine may be cooperatively recogserved glycine-rich loop structure characteristic to nized by ␤Glu-160 and ␤Asp-164 since both are required ␣-MPP is observed in close proximity to the active site for full activity, while a substrate with a P 2 alanine is at the exterior of the enzyme (Figures 1a, 1b, and 2a) . unaffected by a loss of negative charge at the S 2 site. We Deletion of this loop results in diminished affinity for observe ␤Phe-77 in the S 1 Ј site, which accommodates substrate and catalytic efficiency for MPP [33]. The glybulky hydrophobic (often aromatic) P 1 Ј residues of subcine-rich loop structure may be involved in recruiting strates. In the ␣/␤E73Q MPP/COX IV structure, the side the substrate presequences to the active site and/or in chain of P 1 Ј leucine binds near the side chain of ␤Phe-releasing the product from the enzyme. The presence 77. MPP also shows a preference for polar residues of several glycine residues in this loop, in addition to such as histidine, serine, and threonine at positions P 2 Ј the crystallographic evidence of weak electron density and P 3 Ј, but the C terminus of COX IV (P 3 Ј-P 8 Ј) was for this loop in the wild-type MPP and uncomplexed disordered in the structure. The electron density was ␣/␤E73Q MPP structures, suggest that it is a flexible weak for the P 2 Ј cysteine and not observed for the P 3 Ј surface loop in the enzyme. As such, it may be able to serine, so we do to compensate for ice rings, high mosaicity, and poor diffraction limits [45] 
